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ARTICLE INFO ABSTRACT

Article history:

Numerous competitive radioligand binding studies revealed significant differences between human and
guinea pig histamine H;-receptors (hH;R and gpH;R), e.g. for the partial H,R agonist phenoprodifen. But
until now, there are only few studies with regard to binding kinetics at H;R. Previous studies from our
group revealed an influence of the exchange of N-terminus and E2-loop between hH4R and gpH;R onto
affinity of phenoprodifen to H{R (Strasser A, Wittmann HJ, Seifert R, ] Pharmacol Exp Ther 326:783-791,
2008). The aim of this study was, therefore, to examine the impact of the N-terminus and the E2-loop on
binding kinetics of the H;R. The wild type hH;R and gpH;R and the chimeric hgp,H1R (E2-loogp from
guinea pig) and hgpngpe2H1R (N-terminus and E2-loop from guinea pig) were co-expressed with regulator
of G-protein signaling protein RGS4 in Sf9 insect cells and kinetic binding studies were performed using
the antagonist [*H]mepyramine as radioligand. The rate constants for association and dissociation were,
in dependence of the ligand, different between hH;R and gpH;R. Furthermore, the rate constants for
association at hgpngpe2H1R were significantly different compared to hH;R and gpH;R. Molecular dynamic
simulation studies detected different interactions of amino acid side chains on the extracellular surface of
the receptor. Based on these findings, the influence of extracellular surface onto binding kinetics and
binding affinity can be explained. Thus, the extracellular surface of G protein-coupled receptors for
biogenic amines, exhibits influence onto kinetics of ligand binding, onto ligand recognition and ligand
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guiding into the binding pocket.
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1. Introduction

The histamine H;-receptor (H{R) [1] is a biogenic amine
receptor and belongs to the G protein-coupled receptors (GPCRs)
[2,3]. H4R antagonists have clinical relevance in treatment of
allergic diseases, whereas H{R agonists are important tools to
obtain a more detailed insight with regard to ligand-receptor-
interaction. Many studies were performed in order to determine
affinities, potencies and efficacies of several compounds at
different H{R species orthologs under steady-state conditions
[4-8]. Histaprodifens were originally identified as potent H;R
agonists at guinea-pig ileum [9,10]. For some histaprodifens, like

Abbreviations: E2 loop, second extracellular loop; gp, guinea-pig; GPCR, G protein-
coupled receptor; h, human; hgpeoH¢R, human histamine H{R with gp E2-loop;
hgpngpe2H1R, human histamine H;R with gp N-terminus and gp E2-loop; HiR,
histamine H; receptor; MEP, mepyramine.
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suprahistaprodifen, phenoprodifen and dimeric histaprodifen,
large species-differences were found between hH;R and gpH;R
[4,6]. Extensive site-directed mutagenesis and molecular model-
ling studies were performed in order to obtain more detailed
insights into ligand-receptor interaction on molecular level [5-
8,11-13]. Recently, the crystal structure of the human H;R in
complex with the antagonist doxepin has been resolved [14].

While currently, there is a strong focus on structural aspects in
GPCR research, relatively little work is being conducted on
thermodynamics although analysis of these parameters provides
important insights into mechanisms of ligand/receptor interaction,
specifically when thermodynamics calculations are combined with
radioligand binding studies, site-directed mutagenesis and molec-
ular modelling based on the numerous new active- and inactive
state GPCR crystal structures [15,16].

We have recently characterized H;R thermodynamically with
regard to enthalpy and entropy of binding of antagonists as well as
of agonists [17]. No differences in binding enthalpy, or binding
entropy, respectively, were found for mepyramine between hH;R
and gpH;R. In contrast, significant differences in binding enthalpy
or entropy between hH;R and gpH;R were observed for
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Fig. 1. Structures of mepyramine and phenoprodifen. Mepyramine 1, phenoprodifen 2, histamine 3.

phenoprodifen [17]. Only few studies analyzed the binding kinetics
of H{R antagonists [18-23].

The first aim of this study was to analyze the binding kinetics of
mepyramine 1 and phenoprodifen 2 (Fig. 1) at hH;R and gpH;R
with regard to species-differences in rate constants of association
or dissociation. Previous studies revealed a decrease in affinity of
phenoprodifen to a chimeric hH;R with the gpH;R-N-terminus and
gpHR-E2-loop [7]. Moreover, we obtained evidence for a
modulatory role of extracellular domains of the H4R on ligand
binding [24]. Furthermore, nuclear magnetic resonance studies
with the purified B,-adrenergic receptor showed an impact of
extracellular domains on ligand binding [25]. Thus, the second aim
was to study the influence of N-terminus and E2-loop onto binding
kinetics of mepyramine and phenoprodifen (Fig. 2).

2. Materials and methods
2.1. Materials

[*H]mepyramine (30.0 Ci/mmol) was from PerkinElmer Life
Sciences (Boston, MA). Rotiszint ecoplus from Roth (Karlsruhe,
Germany) was used as liquid scintillation cocktail. Mepyramine
and histamine were from Sigma-Aldrich (St. Louis, MO). Pheno-
prodifen was kindly provided by Dr. Sigurd Elz (Department of
Medicinal Chemistry I, University of Regensburg, Germany).

2.2. Preparation of compound stock solutions

Chemical structures of the analyzed compounds are given in
Fig. 1. Mepyramine 1 and histamine 3 was dissolved in double-
distilled water, resulting in 10 mM stock solutions. Phenoprodifen
2 was dissolved in a solvent mixture containing 30% (v/v) DMSO,
30% (v/v) Tris/HCl pH 7.4 (10 mM) and 40% (v/v) double-distilled
water, resulting in a 5 mM stock solution. All dilution series were
obtained by dilution with the corresponding solvent: double-
distilled water in case of mepyramine and a mixture of 30% (v/v)
DMSO, 30% (v/v) Tris/HCl pH 7.4 (10 mM) and 40% (v/v) double-
distilled water in case of phenoprodifen.

2.3. Binding assays

For all binding assays, Sf9 cell membranes, expressing the
corresponding H{R and RGS4 were used. The coexpression with
RGS4 is necessary to obtain well signals in the steady-state GTPase
assay [26]. In order to be able to compare GTPase data with binding
data, we use membranes, coexpressing RGS4 also in the binding
assay. The RGS4 has no influence onto ligand affinity. All binding
assays were performed, as described previously [6]. Shortly,
the membranes were thawed, suspended in binding buffer
(125 mM MgCl,, 1 mM EDTA, 75 mM Tris-HCI, pH 7.4) and
sedimented by centrifugation for 10 min at 4 °C and 13,000 x g.
Afterwards, the membrane pellets were resuspended in binding
buffer. Each reaction mixture contained about 50-75 pg of
membrane protein. The final pH in each reaction mixture,
containing membrane, [*H]mepyramine and ligand is about 7.4.

N-Terminus

hH1R 1-MS-LPNSSCL-------- LEDKMCEGNKTTMAS-24

gpH1R 1-MSFLPGMTPVTLSNFSWALEDRMLEGNSTTTPT-33
E2-Loop

hH1R 165- WNHFMQQTSVRREDKCETDFYD -186

gpH1R 174- WHHFMAPTSEPRERKKCETDFYD -195

Fig. 2. Amino acid sequence of N-Terminus and E2-Loop of hH;R and gpH;R. Bold
and grey boxed amino acids indicate different amino acids between hH;R and
gpH;R in N-Terminus and E2-loop.

After performing the kinetic binding assay at a temperature of 20 °C,
as described below in more detail, the bound [*H]mepyramine was
separated from free [>H]mepyramine by filtration through GF/C
(Whatman, Maidstone, UK). Subsequently, three washing steps with
2 ml binding buffer (4 °C) were performed. Liquid scintillation
counting was used to determine the radioactivity, remaining on
the filters.

2.4. Measurement of association and dissociation binding kinetics

The association binding kinetics of [*H]mepyramine were
performed with final [*H]mepyramine concentrations of 3 nM,
5nM, 7.5 nM and 10 nM. All assays were carried out three times
with Sf9 cell membranes expressing the corresponding H;R
ortholog and RGS4. Membranes were used from three different
independent membrane preparations. The association kinetics
were observed within 15 min. Within the first 3.5 min, time steps
between 5 and 10 s were recorded. Within 3.5 to 5.0 min, every
30 s a measurement was performed. From 5 min up to 15 min, the
measurement was performed every minute.

The dissociation kinetics of [*H]mepyramine were performed
with a final [*H]mepyramine concentration of 5 nM in presence of
1 wM mepyramine. All assays were carried out three times with
Sf9 cell membranes expressing the corresponding H;R and RGS4.
Membranes were used from three independent membrane
preparations. The dissociation kinetics was observed within
30 min at distinct times.

The competitive association binding kinetics were performed
with a final [*H]mepyramine concentration of 5 nM. The competi-
tive association kinetics were observed within 30 min at the
following times: 0.5, 1, 2, 4, 6, 8, 10, 15, 20, 25 and 30 min. Within
each assay we analyzed four different concentrations of the
unlabelled ligand. The following final concentrations of unlabelled
ligand were used at hH;R and hgpngpe2H1R. Phenoprodifen 2 was
analyzed at 100 nM, 1 wM, 3.16 uM and 10 uM. The following
final concentrations of unlabelled ligand were used at gpH;R.
Phenoprodifen 2 was analyzed at 31.6 nM, 100 nM, 316 nM and
500 nM. Histamine 3 was analyzed at 316 nM, 1 wM, 3.16 wM and
10 uM at hH;R and gpH;R. All assays were performed three times
with Sf9 cell membranes expressing the corresponding H;R and
RGS4. Membranes were used from three independent membrane
preparations.
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2.5. Calculation of rate constants for binding of [’HJmepyramine

For the binding kinetics of the radioligand [*H]mepyramine the
equilibrium

A+R=AR (1)

is formulated. Therein, A represents the radioligand, whereas R
defines the receptor, AR is the radioligand-receptor complex. The
differential equation for formation of AR is given by

9AR(t)
o

Therein, k; is the rate constant for association and k, the rate
constant for dissociation. Ag and Rg are the initial concentrations of
A and R. Rate constants were determined according to Motulsky
and Mahan [27].

ki(Ao — AR(t))(Ro — AR(t)) — kAR(t) (2)

2.6. Calculation of rate constants for binding of non-labelled ligands in
presence of a radioligand

For the competition binding kinetics of a radioligand and a non-
labelled ligand L, the following equations was formulated:

A+R=AR (3)
L+R=LR (4)

The corresponding differential equations are given by:

OPRE) — k(A — AR(E))(Ro — AR(®) ~ LR(D)) ~ kpAR(D) ©)
RO k(o — LR(0) Ry — AR(E) ~ IR(0) ~ k4 R (D) ©

Therein, ks is the rate constant of association and k4 the rate
constant of dissociation for the formation of LR. Ly is the initial
concentration of the unlabelled ligand. Rate constants were
determined according to Motulsky and Mahan [27].

2.7. Kinetics of non-specific binding of [’HJmepyramine

Kinetics of non-specific binding of [*H]mepyramine were
determined in presence of 1 wM unlabelled mepyramine. Within
the first 3 min, the time steps were ~10s, from 3 min up to
~15 min, the time steps were ~60s. The non-specific binding
reached a plateau already at 10 s. All kinetic data were corrected
for non-specific binding by substraction of the corresponding value
at 10s.

2.8. Calculation of Gibbs energy of activation

The Eyring-equation, developed within the concept of transi-
tion state theory [28,29] is given by

ksT AGE
o = pebexo (- 505 g

for the association process of a ligand into the binding pocket of a
receptor. Therein, AGZ; describes the change in Gibbs energy of
activation during the ligand binding and c° denotes the reference
concentration of 1 mol/l. The corresponding dissociation process is
described by

#
(55

Therein, AG;SS describes the change in Gibbs energy during
dissociation of the ligand-receptor-complex. The change in the

Gibbs standard energy, which is related to the equilibrium
constant of ligand binding to a receptor is given by

AG® = —RTIn(K) = AGZ, — AGJ,, ®)

2.9. Molecular modelling

For molecular modelling of the inactive H;R, the crystal
structure of hH{R was used as template [14] to model inactive
hH1R, hgpngpe2H1R and gpHiR. The active state models of hH;R,
hgpnepe2H1R and gpH4R were generated using opsin, cocrystallized
with a part of Ga, as template [30]. Homology modelling was
performed, as already described [7,31]. Mepyramine 1, a H{R
antagonist was docked into the inactive state models, whereas
phenoprodifen 2, a partial agonist at Hi{R was docked into the
active state models. Afterwards, molecular dynamic simulations of
the receptor models, including the natural surrounding were
performed, using protocols as already described [6].

2.10. Miscellaneous

Cell culture and membrane preparations were performed as
described [6]. The determination of protein concentration was
performed as described previously [4,6]. The [*H]mepyramine
binding assays were performed as described [6]. All assays were
carried out in parallel and under the same experimental conditions
and at 20 °C. All kinetic data were analyzed with the software
Prism 5.01 (GraphPad Software Inc., San Diego, CA, USA). Statistical
analysis was performed with the software Prism 5.01. All data are
the means + S.E.M. of at least three independent experiments. To
compare two pairs of data, the significance of the deviation of zero p
was calculated using the t test.

3. Results
3.1. Binding kinetics of mepyramine

The rate constants for association and dissociation for
mepyramine are given in Table 1. The corresponding values of

Table 1

Rate constants of association and dissociation of mepyramine at hHyR, hgpe2H1R,
hgpngpe2H1R and gpH;R coexpressed with RGS4 in Sf9 cell membranes. [*HIMEP
association binding kinetics in Sf9 membranes expressing hH;R, hgeHiR,
hgpngpe2H1R and gpHiR in combination with RGS4 was determined in presence
of different [*H]MEP concentrations as described under Section 2. Data were
analyzed as described under Section 2. The k; and k, values are the means + S.E.M. of
three experiments with independent membrane preparations.

k1 [Imin~'mol 1] ky [min~—1]

hH,R 7.20 x 107 £0.25 x 107 0.32+0.01

hgpe2HiR 9.86 x 107 +0.93 x 10’ 0.41+0.04

hgpngpe2H1R 9.24 x 107 +£0.54 x 10’ 0.35+0.02

gpHiR 5.84 x 107 £0.38 x 107 0.15+0.01
Table 2

Calculated AGjs, AGj and AG° based on the experimental rate constants of
association and dissociation for mepyramine 1. The calculations were performed

according to Eqgs. (7)-(9) as described under Section 2.

AGZ; [K]/mol] AG, [KJ/mol] AG® [KJ/mol]
hH;R 37.64+0.08 84.51+0.08 ~46.87+0.16
hgpezHiR 36.87+£0.23 83.91+0.24 —47.07 £0.47
hgpngpezH1R 37.03+0.14 84.30+0.14 —47.27+0.28
gpHiR 38.15+0.16 86.36+0.16 ~48.21+0.32
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Fig. 3. Association kinetics of [*H]mepyramine at hH;R, hgpe2H1R and hgpngpe2HiR
and gpH;R. The kinetic binding assays were performed as described under Section
2. The data shown are representative and were performed in presence of 5 nM
[*H]mepyramine. The bound [>*H]mepyramine is set equal to 100% at equilibrium.

AGjs, AGj,. and AG® are given in Table 2. Representative
association kinetics are shown in Fig. 3, and representative
dissociation kinetics are shown in Fig. 4. The rate constants for
mepyramine are significantly different between hH;R and gpH;R
(Table 1): At hH4R, the rate constant for association k; is
significantly higher (p =0.0256), than at gpH;R. Also the rate
constant for dissociation k, is significantly higher (p = 0.0001) at
hH;R than at gpH;R. Additionally, the rate constants at the
chimeric hgpeaH R and hgngpe2H1R are significantly different to
the data obtained for hH;R (Table 1): The rate constants for
association of [*H]mepyramine at hgpexHiR (p=0.0236) and
hgpngpe2H1R (p = 0.0128) are significantly higher than athH;R and
not smaller in direction to gpH;R. The rate constants for
dissociation at hgpgoHiR and hgpngpeoHiR are not significantly

different. Based on Eq. (7), AGZs was calculated (Table 2). For
mepyramine 1, the values of AGJ; are about 37 kj/mol, whereas
values of AG7._, determined using Eq. (8), are about 84 kj/mol
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Fig. 4. Dissociation kinetics of [*H]mepyramine at hH;R and gpH;R. The kinetic
binding assays were performed as described under Section 2. The data shown are
representative and were performed in presence of 5 nM [*H]mepyramine and 1 uM
mepyramine. The bound [>H]mepyramine is set equal to 100% at t = 0.
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Fig. 5. Association kinetics of [*H]mepyramine to hH;R and gpH;R in presence of
phenoprodifen 2. The kinetic binding assays were performed as described under
Section 2. The data shown are representative and were performed in presence of
5nM [*H]mepyramine.
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Table 3

Rate constants of association and dissociation of phenoprodifen at hH;R, hgpngpe2HiR and gpH; R coexpressed with RGS4 in Sf9 cell membranes. [°H]MEP association binding
kinetics in Sf9 membranes expressing hH;R, hgpngpe2H1R and gpH; R in combination with RGS4 was determined in presence of 5nM [H]MEP and different concentrations of
phenoprodifen as described under Section 2. Data were analyzed as described under Section 2. The ks and k4 values are the means + S.E.M. of three experiments with
independent membrane preparations.

ks [Imin~" mol "] k4 [min~!] pKi (log(ks/(k4 c°))) pK;? (comp. bind. ass.)
hH;R 3.51 x 106+ 0.09 x 10° 2.02 +0.07 6.24 +0.03 6.60+0.07
hepngpezHIR 1.80 x 108050 x 10° 1.9740.55 5.96+0.24 6.0140.02
gpH R 2.44 %107 +0.09 x 107 2.01+0.13 7.08 +0.04 7.33+0.08

¢ Data already published [6,7].

Table 4
Calculated AGZs, AG;?SS and AG°® based on the experimental rate constants of
association and dissociation for phenoprodifen 2. The calculations were performed

according to Egs. (7)-(9) as described under Section 2.

AGZs [k]/mol] AG, [KJ/mol] AG® [k]/mol]
hH;R 45.00+0.06 80.02 +0.08 —35.02+0.14
hepngpezHIR 46.63 +0.68 80.08 +0.68 ~33.45+136
gpHiR 40.28 £0.09 80.04+0.16 —39.76 +£0.25

3.2. Binding kinetics of phenoprodifen

The rate constants for association ks and dissociation k4 of
phenoprodifen 2 are given in Table 3. Representative association
kinetics are shown in Fig. 5. The corresponding values of AGZ.,
AG}., and AG® are given in Table 4. The rate constant of
association of phenoprodifen 2 at hH;R is ~20 smaller than for
mepyramine 1. In contrast, the rate constant of dissociation of
phenoprodifen 2 is ~6 higher than of mepyramine 1 at hH;R. A
comparison of the rate constants of association between hH;R and
hgpnepe2H1R showed that the rate constant of association is
significantly higher at hH;R than at hgpngpe2HiR (p = 0.0222). The
rate constant of association for phenoprodifen 2 at gpH;R is ~10-
fold higher (p = 0.0001) than at hH;R and hgpngpe2H1R. Surprising-
ly, no significant difference between the rate constants for the
dissociation of phenoprodifen 2 is found between hH;R,
hgpngpe2H1R and gpH4R. But, compared to mepyramine 1, the rate
constants of dissociation are ~5-15-fold higher. At hH;R, AGJ; has
a value of ~45K]/mol rising to ~46.6 kJ/mol at hgpngpe2Hi1R,
whereas, at gpH;R, AGZ, decreased to ~40 kj/mol. AGZ; is ~80 k]/
mol at hH1 R, hgpngE2H1R and gpl‘hR

3.3. Binding kinetics of histamine

The rate constants for association and dissociation and
corresponding Gibbs energies of histamine at hH;R and gpH;R
are given in Table 5. The rate constants for association were not
significantly different between hH;R and gpH;R and were found in
a range of ~1.5x10° to ~2x 10°1Imin ' mol~!. The rate
constants for dissociation at hH;R and gpH;R were found in a
range of ~4-~5 min~! and are not significantly different between
hH;R and gpH;R. At hH;R and gpH;R, AG; has a value of ~47 kJ/

mol, whereas AGJ,; has a value of ~78 kJ/mol.

Table 5

Rate constants of association and dissociation and corresponding values of AGJ; and AG7,

4. Discussion
4.1. Binding of [°’H]Jmepyramine to H;R

The rate constants for association and dissociation of mepyr-
amine, determined within this study at H;R, are in good
accordance to the literature data [19,20,22,23]. Gillard et al.
[22,23] analyzed the binding kinetics of several H;R antagonists at
H;R. They found the rate constants for association in a range from
1.2 x 10° I min ' mol~! up to 5.1 x 108 1min~! mol~'. The rate
constants for dissociation are ranged from 0.005 min~! up to
3.3 min"'. Gillard et al. [22,23] determined a rate constant for
association of 5.13 x 108 1mol~' min~! and a rate constant for
dissociation of 0.86 min~! for meypramine at hH;R. The slight
differences between the literature data and the data of our present
study are mainly caused by different assay temperatures. Gillard
etal.[22,23] performed the assays at hH;R at temperatures of 25 °C
or 37 °C, whereas the assays within this study are performed at
20 °C. In previous studies, significant differences between the Kp
values of [*H]mepyramine between hH;R and gpH;R were found
[4]. The data obtained within this study indicate that there are also
significant differences between hH;R and gpH;R in binding
kinetics of [*H]mepyramine.

The analysis of the binding kinetics of [*H]mepyramine at the
chimeric hgpezH1R and hgpngpezHiR shows that the large species-
differences in N-terminus and E2-loop between hH;R and gpH;R are
not responsible for the species-differences between hH;R and gpH;R
in binding kinetics, because the rate constants for association at
hgpeoH1R and hgpngpe2HiR are higher than at hH;R and gpHiR.
Although the amino acid sequence is increasingly changed into that
of gpH4R in the series hH{R — hgpeaH1R — hgpngpe2H1R — gpHiR,
the rate constants of association do not change in direction to the
value at gpH;R. Based on these data, we suggest that the
extracellular part of HyR, the E2-loop and the N-terminus is not
responsible for the significant differences in binding kinetics
between hH;R and gpH;R. Thus, the differences in amino acid
sequence, leading to differences in binding kinetics are presumably
located in the transmembrane region.

A comparison of the amino acid sequence of the transmem-
brane domains exhibits some positions with differences between
hH]R and ng1R. Tl"“S, 11442\/, C1'43S, G1448A' N2'61S, Lz'GGH, M2'67R,
F4S1L, F839¢, 19°3v, H733p, L34V and 1”*‘L (nomenclature
according to Ballesteros et al. [32]). Further differences are found

Jiss Of histamine at hH;R and gpH;R coexpressed with RGS4 in Sf9 cell membranes.

[2H]MEP association binding kinetics in Sf9 membranes expressing hH;R or gpH;R in combination with RGS4 was determined in presence of 5nM [*H]MEP and different
concentrations of histamine as described under Section 2. Data were analyzed as described under Section 2. The k3 and k,4 values are the means + S.E.M. of three experiments

#

with independent membrane preparations. AG; and AGj

were calculated according to Eqgs. (7) and (8) as described under Section 2.

ks [Imin~"mol '] ks [min~1] AGZ; [k]/mol] AG, [kJ/mol]
hH;R 1.65 x 106+0.15 x 108 3.96 +0.36 46.84+0.22 78.384+0.22
gpH{R 1.79 x 106+ 0.24 x 10° 491+0.79 46.64 +0.33 77.87 +0.39
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Fig. 6. Differences between hH;R, hgpngpe2H1R and gpH; R, based on inactive receptor models. (a) Model of inactive hH;R, with amino acids, different between hH;R and gpH;R
(side view) indicated by volume surface; differences in N-terminus and E2-loop are not shown; (b) model of inactive hH;R with amino acids, different between hH;R and
gpH;R (view from the extracellular part) indicated by volume surface; differences in N-terminus and E2-loop are not shown; c, differences in the electrostatic and lipophilic
surface potential between inactive hH;R, hgpngpe2H1R and gpH;R; yellow arrow: location of E2-loop, red arrow: location of N-terminus, white arrow: entry region into binding
pocket; electrostatic potential: blue—negative, red—positive; lipophilic potential: increasing lipophilicity in direction blue — green — brown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

in the extracellular loops E1 and E3. The mentioned differences are
shown in Fig. 6a and b. Most of these different amino acids do
neither point inward the receptor, nor into the binding pocket,
except Asn>%!, which is responsible for the species differences in
affinity of suprahistaprodifen between hH;R and gpHR [5].
However, the Asn?®'Ser point mutation at hH;R exhibited no
significant change in Kp of mepyramine with regard to wild-type
hH;R [5]. Thus, Asn®*®!Ser is not responsible for the species
differences in affinity of mepyramine between hH;R and gpH;R.
Gillard et al. [22] observed at Lys>3°Ala and Thr>*2?Ala mutants of
hH;R influence onto rate constants of association and dissociation.
A comparison of the rate constants of association or dissociation,
respectively, between hgpeoHiR and hgpngproHiR reveals no
significant differences. Thus, we suggest that the N-terminus
has no influence onto binding kinetics of mepyramine at H{R.

In marked contrast, the E2-loop has a significant influence on
mepyramine binding kinetics. In Fig. 6¢, the differences in
electrostatic and lipophilic surface potential of the extracellular
parts between hH;R, hgpngpe2HiR and gpH;R are shown. As
indicated by the arrows (Fig. 6¢, white arrows), the differences are
located in the region for ligand entry into the binding pocket. Based
on these data, the extracellular part may influence ligand
recognition and routing the ligand into the binding pocket: At
hH;R, the entry region is more positive compared to gpH;R. Since
the ligand is also positively charged, an interaction of the ligand
with the surface of hH;R cannot be well established, but a faster
direction into the negatively charged binding pocket is expected.
At gpH4R, the extracellular surface is more negatively charged.
Thus, the ligand can interact well with the extracellular surface.
But, due to the negative surface charge the direction of the ligand
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into the binding pocket is expected to be slower, than in case of
hH;R. In the chimeric hgpngpe2H1R, there are positively and
negatively charged regions on the extracellular surface. Thus, on
the one hand, the ligand can be captured, and on the other hand,
the ligand can be directed into the negative charged binding
pocket. Thus, the influence of E2-loop onto rate constant of
association can be explained. In general, electrostatic and
lipophilic surface potential can be used to explain association
kinetics.

4.2. Binding of phenoprodifen to H;R

The rate constant for association and dissociation of the partial
agonist phenoprodifen at H{R are in the same range as already
found for antagonists at guinea-pig, rat, rabbit and human H;R
[18-23]. The data revealed a significant difference in association
kinetics of 2 between hH;R and gpH;R (Table 3). As already
observed for mepyramine, the exchange of the N-Terminus and E2-
loop had significant influence onto association kinetics, but in the
series hH1R — hgpngpe2H1R — gpH4R, the rate constant of associa-
tion, does not alter in direction of gpH;R. Based on this result, we
suggest that the extracellular part has an influence onto the
association kinetics, but is not responsible for the observed
species-differences in association kinetics between hH;R and
gpH R. Thus, other amino acid differences between hH;R and
gpH{R are, as already mentioned above, responsible for the
observed species-differences. In contrast to association kinetics, no
significant difference in rate constants of dissociation for
phenoprodifen 2 at hH;R, hgpngpr2H1R and gpH;R was observed.
Since a similar result was obtained for mepyramine 1, it can be
suggested, that the N-terminus and E2-loop have no influence onto
dissociation kinetics.

The different interactions between charged amino acids at the
extracellular part of the H;R-phenoprodifen-complex is illustrated
in Fig. 7. An electrostatic interaction between Asp186 and Lys>>°,
between Asp183 and Lys442 is found at hH;R. Analogous
interactions were observed at hgpngpeoHiR and gpH;R. At gpH4R,
a more negative value of AG°, compared to hH;R and hgpngpe2H1R
was observed (Table 4). This can be explained by differences in
interaction of Glu190 (gpH;R) (corresponds to Glu181 at hH{R). At
gpH1R, this glutamate interacts electrostatically with the ligand in
the binding pocket, whereas no interaction with the N-terminus
could be detected. In contrast, at hH;R, the glutamate side chain is
moved away from the ligand in direction to Lys13 (N-terminus)
(corresponds to Arg22 at gpH;R). Thus, the interaction of Lys13
with the ligand in the binding pocket is reduced, leading to a more
positive AG® (Table 4). At hgpngproHiR, the distance between
glutamate and the ligand is larger, whereas the distance between
the glutamate and Arg22 is smaller, than at hH;R. Thus, there is no
interaction between the glutamate and the ligand, resulting in a
more positive AG®, than at hH;R (Table 4).

Since phenoprodifen 2 is, like mepyramine 1, positively
charged, the electrostatic potential on the receptor surface should
have the same influence onto association of phenoprodifen
(Fig. 6¢). But, in comparison to mepyramine, phenoprodifen is
more lipophilic. Thus, an influence of the lipophilic surface
potential (Fig. 6¢) cannot be neglected. At hH;R, the extracellular
surface is more lipophilic, than at gpH;R. Accordingly, the
lipophilic parts of phenoprodifen can interact well with the
extracellular surface at hH;R. Due to this well-established
interaction, it can be suggested that the direction of the
phenoprodifen, due to lipophilicity, is directed slower into the
binding pocket, than at gpH;R. Furthermore, it has to be taken into
account, that the differences in extracellular surface may result in
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Glu190 (gpH,R)
E2-loop K N-terminus
. =snn  gpecific for hH;R
D Y -
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Fig. 7. Extracellular surface of hH;R, hgpne2H1R and gpH;R with phenoprodifen in the binding pocket. (a) Parts of the extracelluar surface, colored due to electrostatic
potential; (b) scheme of stable electrostatic interactions on the extracellular surface. Stable electrostatic interactions at the extracellular surface at H;R (numbering according
to hH;R, unless otherwise indicated): a: K>3°-D186; b: D183-K442; c: E190 (gpH;R)-Lig (gpH;R); d: E181-K13; e: E190 (hgpngpe2H1R)-R22 (hgpngpe2H1R); f: K188 (gpH;R)-
E447 (gpH1R). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. Semi-quantitative diagrams presenting the change in Gibbs energy during ligand binding for mepyramine and phenoprodifen at hH;R, hgpngpe2H1R and gpH;R. The
Gibbs energy diagrams are based on the data presented in Tables 2 and 4. For each system, the free ligand and free receptor (L + R) was used as reference and set to zero.

Differences are indicated by the grey bars.

different entry points to the binding pocket for the ligand, and thus
may influence rate constants of association. Additionally, there are
different amino acids at hH{R and gpH;R at position 2.61, which
directly points into the binding pocket (Fig. 6b) which could have
an influence onto binding kinetics, too. Besides that, it has to be
considered, that phenoprodifen is a partial agonist at H;R.
Consequently, it can be suggested, that conformational changes
in the receptor may also have an influence onto binding kinetics.

4.3. Binding kinetics at H{R

In Fig. 8, a semi-quantitative energy diagram with regard to
changes in Gibbs energies during binding of mepyramine 1 and
phenoprodifen 2 to hH;R, hgpngpe2HiR and gpHiR is shown. The
diagramreveals that the Gibbs energy of activation for the binding of
the antagonist mepyramine 1 is smaller than for the partial agonist
phenoprodifen 2 at hH;R, hgpngpe2H1R and gpHjR. In contrast, the
Gibbs energy of activation for ligand dissociation is higher for the
antagonist mepyramine 1 than for the partial agonist phenoprodifen
2 at hH4R, hgpngpe2H1R and gpH4R. Two reasons may be responsible
for these observations: Phenoprodifen 2 is a much more bulky ligand
than mepyramine 1. Thus, 2 may need more energy to find its way
into the binding pocket. Additionally, in contrast to the partial
agonist phenoprodifen 2, mepyramine 1 is an antagonist. Thus,
during binding of phenoprodifen 2, the receptor has to change its
conformation from the inactive to the active state. Thus, due to
receptor activation, the AGZ; is higher for 2 than for 1. Based on
these data it may be suggested that AGs increases in the series
antagonist — (partial) agonist. This is supported by the AGZ; values
of the full agonist histamine 3 at hH;R and gpH;R. At hH;R and
gpH R, AG is higher for the full agonist histamine 3, than for the
partial agonist phenoprodifen 2. Based on the rate constants for
mepyramine and levocetirizine, determined by Gillard et al. [23] at
25 °C, we calculated the corresponding Gibbs energies of activation:
For mepyramine, AG; is about 35 kj/mol, for desloratadine, AGZ is
about 43 kj/mol, whereas for levocetirizine a AGZ; is about 47 kj/
mol. The AGZ, was found about 88 kj/mol in case of mepyramine,
and about 99 kJ/mol in case of desloratadine and levocetirizine.
Thus, the Gibbs energies of activation, calculated based on the data of
Gillard et al. [23] are in the same magnitude, as determined within
this study, despite the differences in temperature. Mepyramine,
desloratadine and levocetirizine are H{R antagonists, thus, the Gibbs
energy of activation is ligand-dependent.

Our results with regard to H{R are in good accordance to the
concept of differences in energy landscape, on the one hand in
dependence of agonists or antagonists, on the other hand in

dependence of ligand structure [33,34]. In recent studies, it was
shown, that the extracellular loops are important with regard to
ligand recognition and receptor activation, as summarized by
Peeters et al. [35]. Furthermore, in sophisticated NMR studies it
was experimentally shown for the h3,R that the extracellular
surface is regulated in dependence of the bound ligand [25]. Using
pharmacological, chimeric receptor and molecular modelling
approaches for H{R and H4R we have shown that the extracellular
surface has, in dependence of the ligand, influence onto affinity,
potency and efficacy [7,24]. Additionally the extracellular part of
H;R has influence onto association kinetics of ligands. In our study,
we identified a glutamate in the E2-loop (Glu181 at hH{R, Glu190
at gpH;R) to be involved in the interaction network on the
extracellular surface of H{R (Fig. 7). At h3,R, Asp192 (E2-loop), at a
corresponding position to Glu181 at hH;R, was identified to be
involved in salt bridge rearrangement during receptor activation
[25]. This position is directly neighboured to the highly conserved
cysteine, which establishes a disulfide bridge to TM III. Thus, due to
the restrained position we assume that the amino acid in this
position is a key residue on the extracellular surface of GPCRs.

5. Conclusion

Within this study we have analyzed the binding kinetics of
mepyramine and phenoprodifen to hH;R, gpH;R and the chimera
hgpngpezH1R. The data revealed species differences between hH;R
and gpH4R in rate constants for association and dissociation. The
experimental studies suggest that the association kinetics of the
antagonist mepyramine and the partial agonist phenoprodifen are
significantly different between hH;R and the chimera hgpngpe2H1R.
Thus, we are, best to our knowledge, the first to show by
competition binding kinetics, that the extracellular surface of the
H;R has an influence onto association kinetics of a ligand. This
result may also be relevant for other biogenic amine receptors.
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